. For simplicity in nomenclature, we will refer to the core domain of KChIP1, gering mechanism occurring in KChIP might be analogous to that of calmodulin. lacking the N-terminal variable domain, as KChIP1*.
We report here the crystal structure of a fusion complex of KChIP1* with the first N-terminal 30 amino acids Results of Kv4.2 (Kv4.2N30) at 2 Å resolution. It reveals that the first 20 residues of Kv4.2 form an ␣ helix (␣1) that is
Creation of KChIP1*-Kv4.2N30 Complex We initially explored ways to establish a stoichiometric colinear with the C-terminal ␣ helix (H10) of KChIP1 in a head-to-tail fashion. A pair of these two helices are complex of KChIP1 and Kv4.2 fragment that would allow us to determine the atomic details of this interaction. Codeeply buried inside a hydrophobic groove formed between two shells of a KChIP1* dimer. These two helices expression of KChIP1 with Kv4.2 T1 domain (residues 40-146) in E. coli (BL21) failed to produce any complex. mediate the major interface between the two proteins and contribute to the stability of the dimer. As the first Instead, a binary complex was formed by co-expression of KChIP1 with either the whole N-terminal domain (resi-NCS-ligand complex structure, this interaction reveals novel specificity-encoding determinants used to differdues 1-146) or just N-terminal fragment (residues 1-40), but with varying degrees of stability and structural hoentiate NCS-ligand interactions. By site-specific mutagenesis at this interface, we demonstrate that the hymogeneity. These results emphasize the essential role of the N-terminal end of Kv4.2 to interact with KChIP1. drophobic interactions are essential for the modulation of Kv4 channels by KChIPs. Furthermore, the mode of Finally, we found that a fusion construct made by linking the core of rat (Rattus norvegicus) KChIP1 (KChIP1*, interaction between KChIPs and Kv4 channels shows a Traces are recorded using an inactivation protocol with a test pulse to ϩ50 mV and 10 mV prepulse steps from Ϫ100 mV. Currents following prepulses to Ϫ60 mV and Ϫ50 mV, which bracket the half inactivation voltage, are indicated on selected traces. Figures 2E and 2F, Table 3 ). This functional modu- , 1995) . The definition of the interhelical angle (angle flexibility of these regions. Within each molecule, EF-1 and EF-2 make major contacts with ␣1, but there is no to rotate one helix to be parallel with the other helix in the same direction) dictates that the bigger the interhelical evident electron density for bound Ca 2ϩ in these two EF-hands. In contrast, EF-3 and EF-4 are loaded with angle is, the smaller the space is between two helices. Table 3 To test the functional significance of Trp8 and Phe11, both residues in the intact Kv4.2 channel were mutated Interhelical angles were calculated using interhlx (Yap et al., 2002 of wild-type Kv4.2 channels alone ( Figure 5A ). However, Figures 1A and 4A) Figure 6C ). To exclude this common structural framework for interaction, the the possibility that the inability of KChIP1*⌬H10 to bind conserved LFxxVM (211-216) motif of H10, which plays is due to its defective folding, we used circular dichroism an important role in trans interactions in the dimer interspectroscopy to check the secondary structure compoface, is conserved only in KChIPs and frequenin, and sition of KChIP1*⌬H10. CD spectrum of KChIP1*⌬H10 thus is likely the major specificity-encoding determinant shows the typical ellipticity minima expected for an for interaction with Kv4 channels (Figure 4) . 
Discussion

H10 Is Essential for the KChIP1 Function
In this study, we have characterized the molecular interOur structural comparison between ␣1 bound KChIP1* action between rat KChIP1 and rat Kv4.2 N terminus and free form of frequenin, therefore, suggests a possiboth structurally and functionally. Functional studies ble role for H10 in their binding of Kv4 channels. Interestwith other KChIP proteins show that they also interact ingly, in the crystal structure of human frequenin, which with Kv4.2 using the same conserved interface. Several is a monomer, the central groove is not bound by H10, key features identified in the structure of KChIP1*-but is occupied by several poly-ethylene glycol moleKv4.2N30 are fundamental to the interaction between cules (PDB code 1G8I). We propose that H10 can be KChIPs and Kv4 channels. The sequence WLPF (residynamic such that it is stably locked in the C lobe groove dues 8-11) of the N terminus of Kv4.2 provides critical only when the N lobe groove of the pocket is filled with hydrophobic residues for the KChIP1 binding interface. ␣1, at which point the Ca 2ϩ bound dimer can be stably Both Trp8 and Phe11 bind into hydrophobic pocket formed. Consistent with this idea, we find that a trunwithin the N lobe of KChIP1, whereas Leu9 interacts in cated KChIP1 that lacks H10 (KChIP1⌬H10) no longer trans with H10 and the C lobe of the opposite KChIP1 subunit. Pro10 must provide an important backbone modulates Kv4.2 expression level or gating properties tions between KChIP1 and any other part of Kv4.2 chanstructure, the fusion linker is flexible and long enough nel (for instance, T1 domain). to allow ␣1 to bind into the pocket freely. Now the difference from original KChIP1*-Kv4.2N30 is that the N-terKChIPs Modulate Kv4 Channel Expression minal end of Kv4.2N30 is not covalently linked to KChIP1, and Gating Properties like the free N-terminal end of Kv4.2 channel, except Important questions remain as to how the local interacthat there are extra residues from the 8-histidine linker tions between the N termini of Kv4 channels and KChIPs upstream of Met1 of Kv4.2N30. Interestingly, in order to are translated into enhanced A-type current amplitude stabilize the complex formation, the his-tag has to be and altered gating properties. Biophysical studies have cleaved off by thrombin after affinity purification (data shown that KChIP1 binding does not increase single not shown). Normally, the cleavage site (LeuValProArgchannel current (Beck et al., 2002) , but rather the macroGlySer) should be well exposed in solution in order for scopic current by increasing the density of functional thrombin to bind and cleave. In this study, it is necessary channel surface expression. This can be achieved by to insert a 6-glycine linker between thrombin cleavage altering channel transcription, translation, turnover rates, site and Met1 of Kv4.2 to extend the distance between or subcellular distribution. With KChIP co-expression, them. Without the 6-glycine linker, the his-tag cannot we typically find higher expression level of Kv4.2 channel be completely removed and the protein sample is mainly proteins as well as a clear redistribution of the expressed dimeric but inhomogeneous (data not shown). This obchannels to the cell surface. servation is consistent with the presented structure N-terminal domains of membrane proteins often conwhere the N terminus of Kv4.2 is located deeply inside tain ER retention signals or retrieval signals, and cytothe groove so that the N terminus of Kv4.2 is protected plasmic auxiliary proteins may bind and cover such sigfrom enzyme access. Just like the KChIP1*-Kv4.2N30 nals to promote channel trafficking to cell membranes. dimer complex (Figure 7D, red) , we find that Kv4.2N30-KChIP1* is dimeric and homogeneous ( Figure 7D, green conserved Gly121 (Gly96 in recoverin, Figure 1A) were then incubated with 5 g/ml rabbit Kv4.2-Ab (Chemicon) and Phases were determined by molecular replacement using EPMR 1 g/ml mouse HA-Ab (Covance, 16B12) for 1 hr at room tempera 
